Purpose: To assess 12-month outcomes and safety of clinical magnetic resonance (MR)-guided focused ultrasound (US) treatments of uterine leiomyomas.
Uterine leiomyomas are benign tumors of the uterus that are estimated to occur in 20%-80% of reproductive-age women (1, 2) . Uterine leiomyomas can be asymptomatic, but can also cause significant symptoms, including pelvic pain, pressure, menorrhagia, dysmenorrhea, or urinary frequency. Leiomyoma-related symptoms account for approximately 30%-70% of hysterectomies in the United States (3) (4) (5) . Myomectomy and uterine artery embolization are less invasive uterus-sparing alternatives to hysterectomy available to women who wish to retain their uteri (6) (7) (8) .
Magnetic resonance (MR)-guided focused ultrasound (US) is a treatment technique in which a US beam is guided to selectively ablate tissues within its focus, in parallel with MR imaging used for anatomic visualization, beam guidance, real-time thermometry, and postprocedural assessment (9) . In October 2004, the United States Food and Drug Administration approved the ExAblate 2000 MR-guided focused US device (InSightec, Haifa, Israel) for treatments of uterine leiomyomas. The MR-guided focused US treat-ments are performed on an outpatient basis, and, other than introduction of intravenous and urinary bladder catheters, are essentially noninvasive with minimal and uncommon associated risks (10 -14) .
Since 2005, all clinical MR-guided focused US treatments of uterine leiomyomas at our institution have been performed with the ExAblate 2000 system (13) (14) (15) . In this report, we describe our initial clinical experience with this modality in practice by considering coarse measures of treatment outcome: the incidence of additional treatments after MR-guided focused US treatments, self-reported symptom relief, and treatment-related complications. This retrospective review is limited to 12 months after treatment. The self-reported relief measurements presented here are based on self-assessments performed as part of clinical care after treatment.
MATERIALS AND METHODS

Patient Sample
The present study describes the results of a retrospective study of 150 women with symptomatic uterine leiomyomas who were clinically treated with MR-guided focused US at a single institution between March 2005 and December 2009. For each patient, the type and extent of leiomyomarelated symptoms, together with abdominal MR imaging examination, were used to determine whether MR-guided focused US was an appropriate clinical treatment option. The details of patient screening performed in our practice have been described previously by Hesley et al (14) . The patients described here were not asked to consent to any research protocol and were each treated on an individual basis with a technique that was believed would provide an effective relief of their leiomyoma-related symptoms. Patient data were retrospectively recorded and analyzed after institutional review board approval was obtained. Patients who denied access to their medical records for research purposes (n ϭ 14) were excluded from the analysis.
MR-guided Focused US Treatments
Treatments were performed with an ExAblate 2000 device (InSightec) integrated with a Signa MR scanner (GE Healthcare, Milwaukee, Wisconsin). Patients were positioned prone on a modified MR table containing an embedded high-power, MR-compatible, phased-array US transducer. Before treatment, T2-weighted fast spin-echo MR images of the patient were acquired in three anatomic planes for the purpose of treatment planning and lesion targeting. During the treatment, uterine leiomyoma tissues were selectively targeted and ablated through a series of individual US pulses (hereafter referred to as sonications). A typical 3-hour treatment session consisted of 60 -100 sonications. Sonication energies were continually adjusted to achieve treatment temperatures sufficient for tissue ablations, and both were recorded for future analysis. After treatment, gadolinium contrast medium was injected intravenously and T1-weighted fast spoiled gradient-recalled images were obtained for assessment and measurement of the volume of ablated (ie, nonperfused) tumor tissues. Detailed descriptions of the ExAblate 2000 device and MRguided focused US treatments can be found elsewhere (14, 15) .
Patient Follow-up
Patients were interviewed by phone at 3-, 6-, and 12-month intervals after MR-guided focused US treatments to assess symptom relief and whether additional procedures had been performed. Symptom improvement was self-reported based on percentages as follows: 0%-10%, "insignificant"; 11%-40%, "moderate"; 41%-70%, "considerable"; and 71%-100%, "excellent" symptom relief. Additionally, patients were asked to provide a more detailed description of change in their pretreatment symptoms (eg, menorrhagia, pain, or bulk-related symptoms). Patients were asked to report any additional procedures performed for relief of leiomyomarelated symptoms. The complete medical records and treatment images were also reviewed to identify unreported treatments and complications.
Tumor Classification and Volume Measurements
Image analysis was performed in consensus between two radiologists and a medical physicist experienced in uterine leiomyoma imaging and MR-guided focused US treatments. The volumetric measurements were performed with Vitrea 2.2 segmentation software (version 3.0; Vital Images, Minnetonka, Minnesota). Anatomic pretreatment T2-weighted MR images were used to measure tumor volumes. The cumulative volume of all tumors within the uterus (ie, total tumor load) and the volume of the dominant (ie, largest) tumor were recorded. T1-weighted images with gadolinium contrast agent, acquired upon completion of treatment, were used to measure ablated tumor tissues (Fig 1) . The nonperfused volume (summed for all ablated tumors) and nonperfused volume ratio (ie, nonper- fused volume divided by total tumor load and rendered as a percentage) were recorded.
The classification of uterine leiomyomas according to their T2 signal intensity was similar to that introduced by Funaki et al (16) , with an additional category reflecting variable tumor heterogeneity: "dark with minimal heterogeneity" (ie, signal intensity lower than that of myometrium, Ͻ 25% heterogeneous), "dark with substantial heterogeneity" (ie, signal intensity lower than that of myometrium, Ͼ 25% heterogeneous), "isointense" (ie, signal intensity equal to that of myometrium), and "bright" (ie, signal intensity greater than that of myometrium). For each patient, the T2-weighted imaging category of the dominant leiomyoma was recorded (Fig 2) .
Statistical Methods
Separate one-way analysis of variance models were fit to compare the mean posttreatment nonperfused volume ratios, sonication energies, and treatment temperatures between the T2-weighted imaging enhancement groups. In the presence of statistically significant differences, pairwise comparisons between the groups were evaluated with a Tukey "Studentized" range test. The mean symptom relief was compared between the respondents to any two interview periods with a two-sided paired t test. Time-to-event methodologies were used to evaluate the event of additional treatment for continued uterine leiomyoma-related symptoms, taking into account the varying duration of follow-up between the time of the initial MR-guided focused US procedure and the date of the additional treatment. The duration of follow-up was censored at the date of procedure that was performed for other reasons or at the date of last contact for patients without subsequent procedures. The Kaplan-Meier method was used to estimate the cumulative incidence of subsequent procedures performed for continued leiomyoma-related symptoms (17) . Cox proportionalhazards models were fit to evaluate factors associated with the need for a subsequent procedure (18) . Associations were summarized by using the hazard ratio and corresponding 95% CI. All calculated P values were two-sided, and P values lower than .05 were considered to indicate a significant difference. Analyses were performed with SAS software (version 9.1; SAS, Cary, North Carolina).
RESULTS
Patient Characteristics
Between March 2005 and December 2009, a total of 150 women were scheduled for clinical MR-guided focused US treatment of symptomatic uterine leiomyomas at a single institution; 14 patients completed treatment but denied use of their data for research purposes. Summary of patient demographics, symptoms, and leiomyoma characteristics are provided in Table 1 . Among the remaining 136 patients, the prescribed treatment was not completed in six ( Table 2) , yielding a treatment completion rate of 95.6%. The results presented henceforth are based on the group of remaining 130 patients who completed treatment; 71 were treated in a single 3-hour session and 59 were treated in two sessions performed on two consecutive days. Among those treated in two sessions are three patients in whom the prescribed treatment was modified: one treatment was interrupted because of equipment problems and the patient had to come back for another session 5 months later; and in two cases, subcutaneous edema was observed on completion of the first treatment session and had resolved by the time of the second treatment session, at 8 . Based on the dominant tumor per patient, tumors were classified as follows: 71 (54.6%) dark with minimal heterogeneity, 44 (33.9%) dark with substantial heterogeneity, six (4.6%) isointense, and nine (6.9%) bright.
The mean nonperfused volume ratio immediately after treatment was 45.4% Ϯ 22.5 (median, 42.7%; range, 0.2%-100%). The ratio was not significantly different among the T2-weighted imaging appearance categories (one-way analysis of variance, P ϭ .17; Fig 3) .
The average values of sonication energies and resulting treatment temperatures among four T2-weighted imaging appearance groups are listed in Table 3 . Using the Tukey Studentized range test to control for multiple comparisons, all pairwise comparisons attained statistical significance Volume xx Ⅲ Number x Ⅲ Month Ⅲ 2011(P Ͻ .05) except between dark with minimal heterogeneity and isointense (sonication energy), dark with minimal heterogeneity and dark with substantial heterogeneity, and isointense and bright (treatment temperature).
Treatment-related Complications
Among 130 patients treated with MR-guided focused US, complications were observed in a total of 17 (13.1%). Mild abdominal edema was noted in 11 patients (8.5%): eight (6.2%) had subcutaneous fat edema, two (1.5%) had simultaneous subcutaneous fat and abdominal muscle edema, and one (0.8%) had simultaneous subcutaneous fat edema and skin erythema (Fig 4) . Lower back discomfort associated with treatment was reported by five patients (3.8%): three reported pain and two reported sciatica (involving numbness and temporary decrease in strength). Attempts were made to follow any patients with complications more closely, but the exact time to resolution of symptoms was uncertain because the patients were unable to clearly recall when their discomfort resolved. Therefore, the time of phone contact to document resolution was used. In all five cases of lower back discomfort, symptoms continued to improve and were resolved by the time of the 12-month interview. One major complication occurred (0.8%) in the form of a deep vein thrombosis, which was subsequently treated with anticoagulation therapy. With exception of the case of deep vein thrombosis, all treatment-related complications were minor and were resolved with over-the-counter pain relievers.
Additional Procedures after MR-guided Focused US
A total of eight patients had an additional procedure for continued uterine leiomyoma-related symptoms within 1 year after their MR-guided focused US treatment: seven underwent hysterectomy and one underwent endometrial ablation. An additional three patients had their leiomyomas removed incidentally at the time of a surgery performed for other conditions: one woman underwent hysterectomy during surgery for an ovarian cyst, one underwent myomectomy during surgery for a pancreatic tumor, and one underwent hysterectomy when her gynecologist was not able to successfully perform a Papanicolaou test. The latter patient had reported 85% improvement in her leiomyoma symptoms after MR-guided focused US.
Among the remaining 119 patients, 92 had at least 1 year of follow-up after their MR-guided focused US procedure. At 6, 9, and 12 months after MR-guided focused US, the cumulative incidences of alternative treatment (based on all 130 patients) were 0%, 2.6%, and 7.4%, respectively.
Patients with a lower nonperfused volume ratio tended to be more likely to have an additional treatment within 1 year, but this difference did not reach significance (Cox model, P ϭ .11; hazard ratio, 1.34 per a 10-unit decrease in nonperfused volume ratio; 95% CI, 0.94 -1.93).
With just eight events of additional treatment, and given the small sample sizes in the isointense and bright T2-weighted imaging appearance groups, we had limited statistical power to detect a difference in this outcome among the different T2-weighted imaging appearance categories (Cox model, P ϭ .56).
Symptom Relief
At 3 months, 105 patients were available for interview: 90 (85.7%) reported symptom improvement and 14 (13.3%) reported no symptom relief. One patient (1%) reported worsening of her symptoms (feeling of vertigo in addition to menorrhagia and back pain). This patient was subsequently lost to follow-up. At 6 months, 99 patients were available for interview: 92 (92.9%) reported overall symptom improvement and seven reported no relief. At 12 months, 81 patients were available for interview, and an additional eight received additional treatments for continued uterine leiomyoma-related symptoms (these cases were therefore considered treatment failures). In this group of 89 patients, 78 (87.6%) reported overall symptom improvement and 11 (12.4%) reported no relief of their symptoms (including the eight patients who received additional treatments).
Percentage symptom relief scores at 3-, 6-, and 12-month follow-up periods are shown in Table 4 . Among the 43 patients who provided a percentage estimate of symptom relief at the 3-and 6-month follow-up intervals, the 6-month ratings were slightly more favorable (mean Ϯ SD, 74% Ϯ 23 vs 68% Ϯ 23; P ϭ .093, two-sided paired t test). Similarly, among the 37 patients who provided a percentage estimate of symptom relief at the 3-and 12-month follow-up intervals, the 12-month ratings were slightly more favorable (77% Ϯ 22 vs 68% Ϯ 23; P ϭ .081).
Of the 14 patients who reported no symptom relief at the 3-month follow-up interval, 12 reported improvement at the 6-month interval, one reported no change, and one was scheduled to undergo hysterectomy. Of these 12 patients, nine continued to report improvement by 12 months, one underwent hysterectomy for continued tumor symptoms, one underwent hysterectomy for other reasons, and one lacked 12-month follow-up.
Relief of Baseline Symptoms, T2-weighted Imaging Appearance, and Nonperfused Volume
Of the 130 patients, 72 (55.4%) had more than one of the three symptom categories (menorrhagia, bulk, and pain; Table 1 ). Symptom improvement at 3, 6, or 12 months had no significant relationship with pretreatment symptoms, and we were unable to find any consistent patterns that enabled us to draw any conclusions.
No clear trend was observed in terms of a relationship between T2-weighted imaging appearance and symptom relief, and the numbers were too sparse to achieve any statistical significance. Data on leiomyoma appearance on T2-weighted imaging relative to outcomes at 12 months are shown in Table 5 .
No consistent relationship could be found between nonperfused volume ratio immediately after treatment and self-reported relief (as a percentage), as reflected by the Pearson correlation coefficients of Ϫ0.10, 0.21, and 0.12 at 3, 6, and 12 months, respectively. It is important to keep in mind, however, that the patients who underwent alternative treatment between 6 and 12 months did not continue to report values for percentage relief and were therefore not Lost to follow-up Figure 3 . Posttreatment nonperfused tumor volume ratios corresponding to different T2-weighted imaging appearance categories (mean Ϯ SD). The differences were not found to be statistically significant.
Volume xx Ⅲ Number x Ⅲ Month Ⅲ 2011considered in the determination of the correlation estimate for the 12-month interval.
DISCUSSION
Several groups have published reports on follow-up after MR-guided focused US treatment (19 -21) . Funaki et al (19) reported 24-month follow-up of 91 women and described leiomyoma shrinkage, reduction of symptom severity score, and rate of additional procedures. Lenard et al (20) reported 12-month follow-up of 66 women involved in a prospective multicenter clinical trial (including assessment of leiomyoma shrinkage and reduction of symptom severity score). LeBlang et al (21) investigated uterine leiomyoma shrinkage in 80 women 6 months after MR-guided focused US.
In the present work, we present follow-up data collected in phone interviews from 130 women treated clinically with MR-guided focused US at a single institution between March 2005 and December 2009. Our treatment completion rate was 95.6%, with lack of completion largely related to discomfort from lying in the prone position inside the MR scanner. We found MR-guided focused US to be a safe procedure: with exception of one case of deep vein thrombosis, no major adverse events were recorded.
The cumulative incidence of additional leiomyomarelated surgical treatments, such as hysterectomy or myomectomy, was 7.4% at 12 months after treatment. This is well within the range of values reported for uterine artery embolization (2.9%-10.6% at 1 y) (7, 22, 23) . Funaki et al (19) reported a cumulative 4.4% incidence of additional procedures at 12 months after MR-guided focused US and suggested that the incidence is dependent on T2-weighted imaging appearance, being highest (26.9%) in cases of bright enhancing tumors. The additional procedure rates reported here could indeed suggest a trend (5.1% rate in cases of dark enhancement with minimal heterogeneity, 10.9% in cases of dark enhancement with substantial heterogeneity; 0% in isointense cases, and 14.3% in bright enhancement cases), but, because of the relatively low number of bright enhancing leiomyomas, this finding was not statistically significant.
Importantly, the reported percent symptom relief was high ( Table 4 ) and lasting; among women who were interviewed at 3 and 12 months, only approximately 11% reported a change to a lower relief category. The average score of symptom relief trended up between 3 and 12 months, although the increase was not statistically significant.
The work of Lenard et al (19) , LeBlang et al (20) , and Funaki et al (21) suggests that nonperfused volume ratios and clinical outcomes are reduced in patients with brightenhancing uterine tumors. Our clinical experience demonstrated that higher sonication energies were required in bright-enhancing tumors to achieve therapeutic temperature increases. With our patient-specific treatment plans, we did not observe any statistically significant difference in nonperfused volume ratio or clinical outcome based on T2-weighted imaging appearance (Fig 3, Table 5 ). The rela- tionship between the nonperfused volume ratio at the time of the procedure and long-term symptom relief (ie, Ͼ 12 mo) is a subject of ongoing investigation. There are several limitations to the present study. Data on symptom relief are self-reported and were obtained via phone interviews. The lack of a validated symptom questionnaire is also a limitation of the study. Other limitations arise from the non-research-related nature of the patient cohort and associated difficulties in obtaining data (eg, retrospective study design, follow-up limited to 12 months). However, because there are limited published longitudinal data on treatment outcomes after MR-guided focused US, we believe these limitations do not overshadow the main conclusions of the study. Since the study period, we have incorporated the validated Uterine Fibroid Symptom and Quality of Life questionnaire as part of our routine clinical evaluation and are conducting 36-month follow-up of all subjects.
In conclusion, our data demonstrate MR-guided focused US to be an effective technique to noninvasively and safely treat uterine leiomyomas that delivers significant and lasting symptom relief. Women typically experience only minimal discomfort during or immediately after the procedure and were able to return to their normal daily activities the following day. Symptom relief occurs relatively soon after the procedure and is likely to increase and persist during a 12-month period. 
